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ABSTRACT
We discuss prospects of identifying black hole (BH) companions to normal stars on tight but detached
orbits, using photometric data from the Transiting Exoplanet Survey Satellite (TESS ). We focus on
the following two periodic signals from the visible stellar component: (i) in-eclipse brightening of the
star due to gravitational microlensing by the BH (self-lensing), and (ii) a combination of ellipsoidal
variations due to tidal distortion of the star and relativistic beaming due to its orbital motion (phase-
curve variation). Assuming a pre-launch noise model of TESS photometry as well as mass and radius
of stars in the TESS input catalog, we estimate that the light curves of O(105) and O(107) low-mass
stars will show sufficiently small noise to detect the self-lensing and phase-curve signals, respectively,
taking into account orbital inclination dependence of the signals. These numbers can be large enough
to actually find BHs: simple population models predict O(10) and ∼ 103 detectable BHs among these
“searchable” stars, and the observed population of X-ray binaries containing BHs also suggests that
some detections are feasible. Thus the TESS data could serve as a resource to study nearby BHs with
stellar companions on shorter-period orbits than will potentially be probed with Gaia.
Keywords: stars: black holes — stars: neutron — white dwarfs — techniques: photometric
1. INTRODUCTION
Because the most massive stars end their lives as black holes (BHs), stellar mass BHs should exist ubiquitously: the
stellar mass function suggests that about 108 BHs exist in the Galaxy (e.g., Brown & Bethe 1994), and the nearest
ones are expected to be within O(10) pc (Shapiro & Teukolsky 1983; Chisholm et al. 2003). Nevertheless, only a
part of them have been searchable via X-ray/radio emissions from interacting binaries with stellar companions (X-ray
binaries) or from pulsars, which are presumably observable only in a fraction of the systems’ lifetime and/or the
parameter space of such binaries. The nearest known BH in an X-ray binary is about 1 kpc away (Cantrell et al. 2010;
Gandhi et al. 2018), and we likely miss many nearby BHs.
A larger population of stellar mass BHs can be probed if we have a means to search for the “silent” ones with stellar
companions on wider, detached orbits. They do not only help completing the census of nearby compact objects, but
the visible companions allow for reliable measurements of BH mass and kinematics of the system in the Galaxy, which
are both direct probes of the mass loss and kick during the supernova (SN) explosion (e.g., Casares et al. 2017). If
they are in tight orbits, we may also learn how the outcomes of binary interactions depend on the systems’ property.
In this aspect, elemental abundance of the stellar companion also helps to probe the signature of mass exchange. The
information will be useful to understand the formation of compact objects and those in close binaries, such as X-ray
binaries (e.g., Remillard & McClintock 2006) and merging BH binaries (e.g., Abbott et al. 2016b,a).
Detached BH companions of normal stars can be searched using the same techniques to identify unresolved binaries.
The spectroscopic (i.e., radial velocity) search has been considered since 1960s (e.g., Guseinov & Zel’dovich 1966),
and has recently identified massive, yet dark companions to stars both in a cluster (Giesers et al. 2018) and in the
field (Thompson et al. 2018), whose minimum masses imply that they are BHs or massive neutron stars (NSs). The
potential of Gaia astrometry has also been discussed extensively (Mashian & Loeb 2017; Breivik et al. 2017; Yamaguchi
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et al. 2018; Yalinewich et al. 2018), and hundreds or thousands may be found by the end of its five-year mission. The
typical targets will be ∼ 10M BHs in au-scale binaries.
This paper focuses on all-sky photometry as another means to search for stars with BH/NS companions: we espe-
cially consider the potential of the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2014) to identify and
characterize such binaries on tight orbits (. 0.3 au). To achieve its main science goal to find transiting exoplanets
around nearby stars, TESS will provide photometric light curves with sub-precent precision and at least 27-day long,
for > 107 stars in the almost entire sky (Sullivan et al. 2015). The number can be sufficiently large to find such rare
binaries with compact objects, as shown below. We discuss two methods that have successfully identified white dwarf
(WD) companions to normal stars in the photometric data from the Kepler mission (Borucki et al. 2009): (i) periodic
brightening due to in-eclipse microlensing known as “self-lensing” (Kruse & Agol 2014; Kawahara et al. 2018), and (ii)
phase-curve modulation due to ellipsoidal variations and Doppler beaming (e.g., Faigler et al. 2015).
Those BH–star binaries, if detected with TESS, would necessarily be nearby systems amenable to various follow-up
observations, with their short-period and repeating signals being ideal for detailed characterization. In particular, the
self-lensing BHs, if detected, provide unambiguous evidence for their compact nature, which is otherwise difficult to
confirm. They are also complementary to the BHs detectable with Gaia: they have shorter orbital periods and will be
a more sensitive probe of the post-interaction systems that likely followed similar formation paths to X-ray binaries
or merging BHs.
In the following, we estimate how many TESS stars will be searchable for BH/NS companions with given masses
and orbital periods (Section 3). This information will then be combined with simple population models of BH–star
binaries to estimate the number of detectable BHs around those searchable stars (Section 4). The estimated yields are
checked against the known population of X-ray binaries in Section 5. We summarize and discuss future prospects in
Section 6.
2. THE EXPECTED SIGNALS
The photometric signal from detached BH–star binaries consists of the following (up to) three periodic components:
1. ellipsoidal variations (EVs): tidal force due to BH’s gravity changes the geometric shape of the star as well as
brightness distribution on the stellar surface,
2. Doppler beaming: relativistic aberration of light, time dilation, and Doppler shift caused by star’s orbital motion
produces the light variation proportional to its radial velocity toward the observer, and
3. self-lensing: when the BH eclipses the star, the BH acts as a lens to gravitationally magnify the star.
The former two produce variability in phase with the orbital motion (“phase-curve” modulation; see, e.g., Shporer
2017), while the self-lensing causes pulse-like brightening only during the eclipse. Thus the self-lensing signal has a
timescale shorter than the phase-curve variation by a factor of R?/a, where R? is the star’s radius and a is the orbital
semi-major axis, and their detectabilities can be discussed separately.
The amplitudes of all three signals are determined once the binary period P , BH mass M•, star’s mass M? and
radius R?, and orbital inclination i are specified (see Section 2.1 for quantitative details). Thus the periodicity of the
detected signal, combined with the prior knowledge about the star’s mass and radius, gives a handle on the companion
mass to select candidate BH/NS companions. For the phase-curve signals, this practically reduces to searching for
companions more massive than the visible “primary” star: the absence of light from the apparently more massive
companion suggests its compactness, which will need to be confirmed with follow-up spectroscopy. For the self-lensing
signal, on the other hand, the compactness of the companion is indisputable.1 Especially, if the pulses with periods
. 10 days are detected, the companion is likely a BH or NS, because WDs on short-period orbits do not usually exhibit
self-lensing pulses because of their larger physical radius (e.g., Sahu & Gilliland 2003, figure 8 of Kawahara et al. 2018).
The self-lensing systems are also the best targets to measure BH masses, because of the known orbital inclination and
clear physical relation between the pulse height and companion mass (see Section 2.1 below).
Figure 1 plots the amplitudes of each component against the orbital period, for a stellar companion with M? = 1M
and R? = 1R. The EV signal (proportional to a−3) is strongest at P . 1 day, while at longer periods the beaming
1 Even the null detection of spectral features of a massive companion can sometimes be ambiguous. The stellar luminosity is not always
a monotonic function of mass, and/or the kinematically detected companion may be a close pair of two stars whose total luminosity is
smaller than expected for a single star with the same total mass.
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Figure 1. Amplitudes of the EV, beaming, and self-lensing signals versus orbital period for different BH masses. The primary
is assumed to be a Sun-like star.
or self-lensing signals dominate. These features are shown in the expected light curves for the edge-on case in Figure
2. Here the central pulse due to self-lensing vanishes when the orbit is not nearly edge-on.
When only the phase-curve variation is detected, a measurement of the spectroscopic orbit is most likely required
to exclude other astrophysical sources of variability such as pulsations or star spots. Even if their effects are minor
compared to the EV and beaming signals, contamination from these components can well bias mass estimates. That
said, phase-curve variations can still be an efficient means to pick up candidates, especially if both the EV and beaming
signals are detected. In this case, the consistency of the relative phase and amplitude of the signals, as well as their
coherence, provide important constraints. The visible star’s location on the Hertzsprung–Russell diagram as available
from the Gaia data will also be helpful to check if the star can be a pulsator or heavily spotted (Gaia Collaboration
et al. 2018). Although we assume circular binary orbits throughout this paper, BH–star systems on highly eccentric
orbits, if exist, are also good targets because the resulting “heartbeat” light curve (Thompson et al. 2012) is easier
to distinguish from other astrophysical sources of variability. The shape of the light curve may even yield the orbital
inclination to break the degeneracy in the spectroscopic mass (Kumar et al. 1995). In our population models in Section
4, tides do not necessarily circularize the orbit for P & a few days, if the orbit is eccentric after the formation of a BH.
2.1. Quantitative Descriptions of the Signals
Ellipsoidal variation: Tidal force due to BH’s gravity changes the geometric shape of the star as well as brightness
distribution on the stellar surface via gravity darkening (von Zeipel 1924). This causes the light modulation with
an amplitude of
sev = αev
M• sin i
M?
(
R?
a
)3
sin i = 1.89× 10−2αev sin2 i
(
P
1 day
)−2(
ρ?
1 g cm−3
)−1(
1
1 +M?/M•
)
. (1)
Here
αev = 0.15
(15 + u)(1 + g)
3− u , (2)
where g is the gravity-darkening coefficient and u is the linear limb-darkening coefficient (Morris & Naftilan
1993). For the circular orbit, the modulation is symmetric with respect to our line of sight, and the signal has
the period half the orbital one. In this paper we neglect the dependence on the eccentricity and set αev = 1 just
for simplicity, since our purpose is not to give a precise prediction for the expected yield.
Figure 1 shows that, at a fixed orbital period, the amplitude of the EV signal saturates with increasing companion
masses. This is because a3 ∼M• when M• M? and this dependence cancels the companion mass dependence
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Figure 2. Model light curves (30-minute cadence) of detached BH–star systems with different orbital periods: 0.5 days (top
left), 3 days (top right), and 10 days (bottom). The primary is a Sun-like star, the BH mass is 10M, and the orbit is assumed
to be circular and edge-on. When the orbital inclination i is far from pi/2, the “self-lensing” pulse at time 0 vanishes.
of the tidal force (Eqn. 1). Hence it will be difficult to precisely weigh the most massive companion with the EV
amplitude alone.
Doppler beaming: Relativistic aberration of light, time dilation, and Doppler shift caused by the primary’s radial
acceleration produces the photometric variation with the amplitude of (Loeb & Gaudi 2003)
sbeam = αbeam 4
K?
c
= 2.8× 10−3αbeam sin i
(
P
1 day
)−1/3(
M• +M?
M
)−2/3(
M•
M
)
, (3)
where αbeam is given by integrating the following wavelength-dependent factor
αbeam,ν =
1
4
(
3− d logFν
d log ν
)
(4)
over the photometric bandpass, and Fν is the spectrum of the star. Again we set αbeam = 1, which is reasonable
for a Sun-like star (e.g., Shporer 2017). This signal is anti-phased with the radial velocity variation of the star
and has a different orbital-phase dependence from the ellipsoidal variation (see Figure 2). Thus, if both the EV
and beaming signals are detected, the consistency of their phases and amplitudes will be useful to confirm the
binary origin. An independent measurement of the spectroscopic orbit also helps the interpretation of the light
curve because the shape and amplitude of the beaming component are essentially fixed.
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Self lensing: If the system is eclipsing, the BH passing in front of the stellar disk acts as a lens to gravitationally
magnify the background star. The light curve exhibits periodic pulses with the height (Trimble & Thorne 1969;
Maeder 1973; Agol 2003):
ssl = 2
(
RE
R?
)2
= 7.15× 10−5
(
R?
R
)−2(
P
1 day
)2/3(
M•
M
)(
M• +M?
M
)1/3
, (5)
where
RE =
√
4GM•a
c2
= 4.27× 10−2R
(
P
1 yr
)1/3(
M•
M
)1/2(
M• +M?
M
)1/6
(6)
is the Einstein radius. The duration of the signal is
τsl =
R?P
pia
· pi
4
= 1.8 hr× pi
4
(
P
1 day
)1/3(
M• +M?
M
)−1/3(
R?
R
)
(7)
when averaged over the impact parameter, and the signal vanishes if cos i > R?/a for a circular orbit. The signal
period is the same as the orbital period.
Since stellar light is also blocked by the eclipsing compact object, the pulses are not observed unless (
√
2 times)
RE, which increases with the binary separation, is larger than the physical size of the object. This is why all
the known self-lensing binaries containing WDs (Kruse & Agol 2014; Kawahara et al. 2018) have orbital periods
ranging from months to years, longer than typical eclipsing systems. On the other hand, the physical radius has
negligible effects for BHs and NSs, and so they always show pulses regardless of the orbital period. Depending
on the detected period the WD case can be excluded by sheer presence of pulses.
If the orbital period is measured from multiple pulses, the BH mass is derived from the pulse height and the
stellar radius. For the latter, the parallax information from Gaia has already allowed for 10%-level measurements
for tens of millions of stars (Andrae et al. 2018). If combined with the spectroscopic effective temperature, the
precision better than five percent can be achieved (Berger et al. 2018); this translates into 10%-precision for the
BH mass, provided that the pulse height is sufficiently well constrained.
3. THE NUMBER OF SEARCHABLE STARS
Here we estimate how many stars that will be observed by TESS will be bright enough to detect the above photo-
metric signals due to BH companions. Based on the discussion in the previous section, we focus on the cases where
(i) self-lensing pulse is detectable, and (ii) both EV and beaming signals are detectable. For a given star, the signal is
considered to be detectable if its amplitude is significantly larger than the noise level anticipated for the star. In case
(i), we require that at least two pulses are observed. In case (ii), we require that the binary period is less than half the
observing duration, and assess the detectability of each of the EV and beaming signals independently without relying
on the relative amplitude and phase of the two components; in practice, they will be useful to vet candidate signals.
In both cases we exclude the systems where the star fills its Roche lobe (to focus on non-interacting systems), as well
as systems where gravitational wave (GW) emission causes a rapid orbital decay compared to the system lifetime.
The number of searchable stars counted this way are shown in Figure 3, as a function of the BH mass and orbital
period; the details of the counting are described below. The numbers are computed for the values at the bin centers,
and slant dashed lines show the corresponding values of the semi-major axis assuming that the total mass is dominated
by the BH. These numbers take into account the fraction of systems with suitable orbital inclinations — for example,
the self-lensing signal can be observed only if the binary orbit is nearly edge-on. This is partly why fewer number of
stars are searchable via self-lensing. We find that self-lensing and phase-curve signals can be used to search ∼ 105 and
∼ 107 stars, respectively, for stellar companions with periods up to ∼ 10 days. While the EV and beaming signals are
most sensitive to the shortest-period companions, the detectability of the self-lensing signal remains rather flat as a
function of orbital period, because the signal becomes stronger with increasing orbital periods (Eqn. 5).
3.1. The Stellar Sample and Noise Property
The main purpose of the TESS mission is to find transiting planets around nearby stars. TESS employs four cameras
each with a field of view (FOV) of 24◦ × 24◦, which point each sector of the sky for 27.4 days (two spacecraft orbits).
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Figure 3. Number of stars in the TESS input catalog for which BH companions with given masses and periods are searchable
with self-lensing (left) and phase-curve modulations (right). Here we count effective numbers of stars, considering the fraction
of systems with suitable orbital inclinations assuming that orbits are isotropic. Here the companion mass is extended down to
1M to check the searchability of NSs as well.
Over its two-year mission, 26 sectors with partial overlaps will be observed to tile the almost entire sky excluding the
region near the ecliptic; the region near the ecliptic poles will be most densely covered and continuously observed for
one year. TESS will provide images stacked at two-minute cadence for a few 105 targets pre-selected for planet search
and asteroseismology, as well as 30-minute cadence full-frame images for all sources.
To enable the selection of optimal targets for the planet search, a catalog of luminous sources on the sky, TESS
Input Catalog (TIC, Stassun et al. 2017), has been created. We adopt the magnitude in the TESS bandpass, stellar
mass M?, and stellar radius R? in the TIC version 6 (Stassun et al. 2017). We focus on the objects classified as stars,
on ecliptic latitude |l| > 6◦ (i.e., outside the gap in the TESS FOV), and with both mass and radius estimated in the
catalog. The last selection limits the targets from ∼ 400 million to ∼ 20 million low-mass stars (mostly < 2.5M)
with TESS magnitudes brighter than 15. We do not consider this to be a serious limitation because the quality of the
TESS photometry will be limited for fainter stars in any case.
We use the fitting formula in Stassun et al. (2017) (originally from L. G. Bouma) to approximate the expected
photometric noise as a function of the TESS magnitude presented in Sullivan et al. (2015). We adopt the observing
duration T = 27.4 days (i.e., minimum observing duration) for all the stars to give a conservative estimate. We always
assume 30-min cadence observations to deal with all the stars that will be in the full-frame images.
3.2. Detection Limit
We assume that self-lensing signals are detectable if, for each star,
√
n
(
ssl
στ
)
> 8.3, στ = σ30min
( τ
30 min
)−1/2
(8)
where ssl is the pulse height (Eqn. 5), n is the number of pulses in the data set, τ is the expected duration of a single
pulse (Eqn. 7), and σ30min is the noise level over 30-minute (i.e., one cadence) timescale, obtained by multiplying the
1-hr value from Stassun et al. (2017) formula by
√
2. Here n can be either n0 ≡ [T/P ] or n0 +1 = [T/P ]+1 depending
on the orbital phase, where [x] is the greatest integer that does not exceed x. The corresponding probabilities are
pn0 = [T/P ] + 1− T/P and pn0+1 = T/P − [T/P ], respectively. We count the number of searchable stars for both n0
and n0 + 1, and average them with the weights pn0 and pn0+1. We set pn0=1 = 0 to count only the pulses that are
observed at least twice. The threshold 8.3 is based on extrapolation of the simulation results in figure 15 of Sullivan
et al. (2015) down to the false-positive rate of ∼ 10−9, so that statistical false positives will be negligible for 100 million
targets. This extrapolation is performed following the formulation of Jenkins et al. (2002).
We assess the detectability of EV and beaming signals considering them as independent sine waves. For white-
noise time series, the false-alarm probability (FAP) to detect such signals in the power spectrum is reasonably well
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approximated by
FAP = 1−
[
1− exp
(
−s0
2
)]N
2
, (9)
where s0 is the peak height of the Fourier spectrum normalized by the variance of the data, and N is the number
of data points. Here N = T/30 min and s0 = (N/2)(s/σ30 min)
2 for sine waves with the amplitude s. Based on this
formula, we set the threshold for sinusoidal modulations as√
T
30 min
(
s
σ30min
)
> 10.4 (10)
so that the corresponding FAP is ∼ 10−9, where s = sev (Eqn. 1) or sbeam (Eqn. 3). Note that the left-hand sides of
Eqns. 8 and 10 differ only by the factor τ/P , the fraction of in-eclipse data.
3.3. Counting Searchable Stars
Given the signal amplitude s for the set of system parameters θ = (P,M•,M?, R?, i), the above conditions 8 and 10
yield the limiting noise level for the detection, σlim:
σ30min < σlim(s(θ)) ∝ s(θ). (11)
Since the inclination i is random, we separate the dependence on i and rewrite the above condition as (cf. Eqns. 1,
3):
β(P,M•,M?, R?) ≡
(
σ30min
σlim|cos i=0
)
<
(
σlim
σlim|cos i=0
)
=

1− cos2 i (EV)
√
1− cos2 i (beaming)
H
(
1− | aR? cos i|
)
(self-lensing)
, (12)
where σlim|cos i=0 is σlim for cos i = 0 and H is the Heaviside step function (H(x) = 1 for x > 0 and 0 otherwise).
Now β is independent from i. If β > 1, no value of i satisfies the above condition so the star is not searchable; if
β < 1, on the other hand, a fraction of i satisfies the searchability condition. Assuming isotropic orbital orientations,
p(cos i) = 1/2, we can thus define the effective searchability of each star by:
Neff(P,M•,M?, R?) = H(1− β)
∫
β<
σlim
σlim|cos i=0
p(cos i)d cos i = H(1− β)

√
1− β (EV)√
1− β2 (beaming)
R?/a (self-lensing)
, (13)
which is a number between 0 and 1. When we discuss the detectability of phase-curve signals, we can use the smaller
of
√
1− β and
√
1− β2 in the last equality, with β computed for each signal separately using Eqn. 12.
Since we focus on detached systems, we exclude the stars filling their Roche lobes. We compute the effective
Roche-lobe radius for the star by (Eggleton 1983)
RL(q, a) =
0.49q2/3
0.6q2/3 + ln(1 + q1/3)
a ≡ R˜L(q) a, (14)
where q = M?/M•. We require R? < RL, or a > R?/R˜L.
We also exclude the systems where the GW emission causes rapid orbital decay compared to the main-sequence
lifetime of the star. We compute the decay time as tGW = 3.3 × 108 Gyr × (a/AU)
4
M•M?(M•+M?)/M3
(Peters 1964) and the
main-sequence lifetime as tMS = 10 Gyr(M?/M)−2.5, and omit the systems with tGW < tMS.
Taking all these into account, the number of searchable stars for a set of (P,M•) is computed by:
Nsearchable(P,M•) =
∑
j
Neff(P,M•,M j? , R
j
?) ·H(aj −Rj?/R˜jL) ·H(tjMS − tjGW), (15)
where the index j runs over all the stars. The results are shown in Figure 3 for the self-lensing signal (left) and for
the phase-curve signal (right).
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4. EXPECTED NUMBER OF DETECTABLE BLACK HOLES
Here we estimate how many detectable BH companions actually exist around the above searchable stars. To do
so we multiply the number of searchable stars by the intrinsic occurrence of BH companions as a function of the
BH/stellar mass and binary orbiatl period. More specifically, given the probability density that a star with mass M?
has a BH companion with period P and mass M•, p(P,M•|M?), the number of detectable companions per unit P and
M•, ndet(P,M•), is given by:
ndet(P,M•)∆P∆M• =
∑
j
Neff(P,M•,M j? , R
j
?) · p(P,M•|M j? )∆P∆M•, (16)
where the index j runs over the searchable stars in each ∆P∆M• bin.
The occurrence of short-period BH–star binaries p(P,M•|M?) is quite uncertain both theoretically and observa-
tionally. So we adopt two simple models just to give crude estimates in the two extreme cases, with and without
binary evolution. These estimates are thus not meant to be a precise prediction, but are rather to provide an order-
of-magnitude sense of feasibility.
4.1. Population Models of BH–Star Binaries
4.1.1. Estimate Based on Field Binaries
Here we construct the population of BH–star binaries assuming that their properties follow those of field binaries
(cf. Mashian & Loeb 2017). We pick up “BHs” from a power-law mass function, IBH(M•) ∝M−2.3• , with a minimum
mass of 5M. The mass function is normalized such that all the stars with ≥ 20M end up as BHs. This gives the
occurrence of BHs as:
dNBH
dM•
= H(M• − 5M) IBH(M•). (17)
Then we assign companion stars to these BHs, based on the occurrence of massive star binaries in the field (e.g., Sana
et al. 2012):
fcompanion(q, P ) dq dP = C
q0
P
dq dP, (18)
where q ≤ 1 is the binary mass ratio, P is the orbital period, and C is the normalization constant that fixes the binary
fraction (see below). Thus the occurrence of BHs with stellar companions is:
dNBH-star
dM• dM? dP
=
1
M•
dNBH-star
dM• dq dP
=
1
M•
dNBH
dM•
fcompanion
(
M?
M•
, P
)
=
C
M•
dNBH
dM•
1
P
. (19)
Here we assume circular orbits for simplicity. This yields
pfield(P,M•|M?) = dNBH-star/dM• dM? dP
dNstar/dM?
=
C
M•
H(M• − 5M) IBH(M•)
I(M?)
1
P
, (20)
where dNstar/dM? = I(M?) is the initial stellar mass function from Kroupa (2001). We choose C so that the binary
fraction integrated over P = 0.1 days to P = 103.5 days is 0.5, following Sana et al. (2012). Strictly speaking, it is not
clear whether the normalization remains the same for binaries containing BHs. The choice is for an optimistic scenario
in which formation of a BH does not lead to any loss of binary companions.
4.1.2. Estimate Based on a Simple Model of the Common-envelope Evolution
The above estimate does not take into account any interactions in the binary. If they go through the common-
envelope (CE) phase, the low-mass companion may merge with the BH progenitor. Even if it survives, the binary
orbit should dramatically shrink during the process. Here we examine the outcome of this CE evolution. Unlike in
Yamaguchi et al. (2018), we do not consider the case where the mass transfer occurs stably, since our focus is on
systems with initially large mass ratios.
We first follow the same procedure as in Section 4.1.1 to sample the population of binaries consisting of a BH
progenitor with mass M•i and its stellar companion with mass M?: p(Pi,M•i|M?). Then we use the fitting formulae
provided by Hurley et al. (2000) to compute the core mass M•i,core of the BH progenitor as well as its maximum radius
Rmax (typically ∼ 1000–3000R) achieved during its evolution. We then assume that all the sampled binaries with
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initial semi-major axes ai =
[
P 2i G(M•i +M?)/4pi
2
]2/3
smaller than Rmax goes through the CE phase. The companion
survives if the orbital energy is sufficiently large to completely strip the envelope of the BH progenitor; we assume
only the stripped core of the BH progenitor is left when this happens. The semi-major axis after this process, af , is
computed by (Webbink 1984):
α
(
GM•i,coreM?
2af
− GM•iM?
2ai
)
=
G(M•i −M•i,core)M•i
λRRoche,i
, (21)
where RRoche,i = RL(M•i/M?, ai) with RL defined in Eq. 14 and we adopt αλ = 1 (Belczynski et al. 2002). Finally,
we assume that the remnant core of the BH progenitor loses mass via stellar wind and SN explosion before it becomes
a BH. For the wind mass loss during the Wolf–Rayet star phase we follow Vink (2017). At the core collapse, the
remnant BH mass and SN ejecta mass are determined by the formula in Belczynski et al. (2002). Both mass loss
processes change the semi-major axis.
The above procedures define a transformation between (Pi,M•i) and (P,M•). The final distribution after the
evolution is then computed by:
pCE(P,M•|M?) =
∣∣∣∣∂(Pi,M•i)∂(P,M•)
∣∣∣∣ pfield(Pi,M•i|M?). (22)
4.2. Results
Figure 4 shows the BH occurrence for the field binary model and the CE model with αλ = 1 described in Section
4.1. The values are averages of p(P,M•|M?)∆M•∆P over M? of the searchable stars in each bin. Figures 5 and 6 show
the estimated numbers of detectable BHs based on the occurrences in Figure 4 and the number of searchable stars in
Figure 3. Both field binary and CE models predict a few tens of BH companions detectable with self-lensing and ∼ 103
with phase-curve variations. This is the consequence that p(P,M•|M?)∆P∆M• in our models is about 10−6–10−5
(Figure 4). Curiously this number appears to be compatible with the discovery of a BH/NS system by Thompson
et al. (2018) among & 105 stars from Apache Point Observatory Galactic Evolution Experiment (APOGEE, Majewski
et al. 2017), although the period we focus on is much shorter. While the resulting occurrences are similar between the
field binary and CE models, the detectable binaries from the CE models were initially in much wider orbits (P = 102
to 104 days) and surrendered their orbital energies to survive the CE evolution.
Figure 4. Occurrence of BH companions as a function of the BH mass and orbital period from (left) field-binary model and
(right) CE model with αλ = 1.
These calculations suggest that the number of searchable stars with TESS can indeed be sufficient to actually
detect BH/NS companions. This also indicates that even an upper limit on the occurrence from the null detection,
if quantified, will be tight enough to provide a meaningful observational constraint on the poorly-understood process
of the CE evolution. We also note that the searchability increases both in terms of number and period range, if
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Figure 5. Expected numbers of detectable BH companions for the field binary model, using (left) self-lensing and (right)
phase-curve modulation.
Figure 6. Same as Figure 5, but for the CE model with αλ = 1.
individual stars are observed for a longer duration in the overlapping regions of the observing sectors or during a
potential extended mission (Bouma et al. 2017).
In these population models, the typical mass of the stars with detectable BH companions is 1–2M?, mainly by
construction of the sample. The brightest star with a BH companion has V ∼ 10 for the self-lensing population, and is
even brighter for the phase-curve sample. These magnitudes correspond to the distance of a few tens to a few hundreds
of parsecs. If actually found, these systems will therefore be among the nearest known BHs.
5. CONNECTIONS TO X-RAY BINARIES
Given the lack of observational knowledge on the population of detached BH–star binaries, in Section 4 we adopted
simple models for the population to estimate the expected yields. On the other hand, we do have observational
constraints on interacting systems, which are observed as X-ray binaries containing BHs (BHXBs). These BHXBs
may be considered as the shorter-period end of the spectrum of detached systems, which can be extrapolated to give
a rough estimate on the occurrence of tight but detached systems as discussed in this paper. Here we try this more
observationally-driven approach as an independent check of the feasibility. This exercise also reveals the potential of
TESS to characterize X-ray binaries via optical light curves, as has routinely been performed with the ground-based
photometry (e.g., Bahcall 1978).
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To do this, we count the number of BHXBs where the self-lensing and phase-curve signals induced on the stellar
companion would be detectable with TESS, assuming that the system is in a quiescent phase and the system luminosity
is not dominated by the accretion disk (i.e., we artificially “turn off” interactions in these systems). We also take into
account the incompleteness of the known BHXB population; those with weak X-ray emissions are likely more relevant
for our estimate, but they are also more easily missed in the search for X-ray binaries.
5.1. The Sample of X-ray Binaries with Confirmed BHs
Our sample consists of 18 X-ray binaries with dynamically confirmed BH companions in Table 1 of Remillard &
McClintock (2006), with two systems in the Large Magellanic Cloud being excluded. Distances to the systems are
adopted from Table 4.1 of McClintock & Remillard (2006) except for GS 1354-64 (Casares et al. 2004)2 and XTE
J1650-500 (Orosz et al. 2004).
5.2. Maximum Searchable Distance dmax
We adopt P = 0.8 days and M• = 7M as the representative values of the above BHXB sample, and assume a
Sun-like star with M? = 1M and R? = 1R for a typical companion. For these parameters, the amplitudes of the
self-lensing and phase-curve signals are ≈ 9× 10−4 and ≈ 6× 10−3, respectively, where the detectability of the latter
is limited by the beaming signal (cf. Figure 1). Following the same procedure as in Section 3, these amplitudes are
translated into the limiting magnitudes of V ≈ 11 and V ≈ 15, respectively, or the maximum searchable distances
of dmax ≈ 0.25 kpc and dmax ≈ 1.3 kpc for the assumed Sun-like companion. These are shown with vertical bands in
Figure 7. Note that dmax for self-lensing is rather sensitive to the property of the stellar companion because the signal
scales as R−2? (Eqn. 5). It varies from ≈ 0.1 kpc to ≈ 0.4 kpc for A to K dwarf companions. The dependence is much
smaller for the beaming signal (see Eqn. 3).
5.3. Cumulative Distribution of Distances to BHXBs
Given the cumulative distance distribution of BHXBs, N(d), the value of N(dmax) roughly corresponds to the num-
ber of such systems whose self-lensing (if present) and phase-curve signals would be detectable with TESS, assuming
no other source of optical light variations. We estimate N(d) as N(d) = fNconfirmed(d), where Nconfirmed(d) is the
cumulative distance distribution of the above confirmed BHXB sample and f is a correction factor for the incomplete-
ness of the X-ray binary search. Arur & Maccarone (2018) evaluated the detectability of X-ray and optical signals as
well as X-ray outbursts for the above BHXB sample, and concluded that the completeness of the detection is ≈ 1/30
on average. We show N(d) with f = 30 motivated by this result as a thin histogram in Figure 7, along with the
filled histogram for Nconfirmed(d). For d . 1 kpc at which no BHXB has been detected, we extrapolate the distribution
assuming N(d) ∝ d2, i.e., they are dominated by the disk population and their space density is roughly constant.
Although the validity of these assumptions is uncertain, this extrapolation only matters the estimate regarding the
self-lensing population.
5.4. Results
Figure 7 shows that the phase-curve signal will be detectable among several tens of BHXB systems for f = 30.
While we have focused only on BHXBs, the number of potentially accessible systems doubles if we also consider X-ray
binaries with confirmed NSs or candidate BHs (McClintock & Remillard 2006; Casares et al. 2017). Moreover, there
are a few hundreds of sources whose detailed properties are still unclear (Liu et al. 2006, 2007). Thus we expect
that TESS photometry will be useful for characterizing at least some X-ray binaries with phase-curve variations. For
the self-lensing signal, on the other hand, N(dmax) is O(1) or smaller. This number needs to be down-weighted by
the eclipse probability, which is typically O(0.1), to estimate the number of actual detections. Thus the detection of
self-lensing signals in X-ray binary like systems is not promising for f = 30.
If we set f = 1000 (dotted line in Figure 7), we expect a few hundred systems showing detectable phase-curve
signals and a few with self-lensing signals (after taking into account the eclipse probability). These numbers are
roughly consistent with the estimates in the corresponding (P , M•) range from our population models in Section 4
(Figures 5 or 6). This suggests that our population model is roughly consistent with the observed BHXB population
2 Gandhi et al. (2018) derived a much smaller distance than adopted in this work using the parallax from Data Release 2 of Gaia.
The source of potential discrepancy is unclear, but here we simply adopt the previously estimated (larger) distance to give a conservative
estimate.
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if there exist ≈ 30 times more detached BH–star systems than X-ray systems. The value appears to be compatible
with the result of a population synthesis study (Tutukov & Yungelson 2002) in the order of magnitude sense.
Figure 7. Estimates for the cumulative distribution of distance d to X-ray binaries with BHs, N(d). Maximum searchable
distances dmax for the self-lensing and phase-curve signals are also shown for M• = 7M?, P = 0.8 days, and M? = 1M
(vertical bands). The value of N(dmax) corresponds to the number of systems whose optical signals would be detectable with
TESS assuming no other source of optical signal. The gray histogram in the bottom right is for the observed BHXB sample,
and thin histogram is the distribution inflated by a factor of f to take into account the incompleteness of the X-ray binary
detection. The dashed and dotted lines show the extrapolation of this distribution for f = 30 and f = 1000, respectively,
assuming N(d) ∝ d2.
6. SUMMARY AND OUTLOOK
Based on the properties of stars in the TESS input catalog (Stassun et al. 2017) and TESS noise model in Sullivan
et al. (2015), we estimated that the self-lensing and phase-curve signals induced by BH companions on tight (. 0.3 au)
but detached orbits will be detectable in the TESS light curves of O(105) and O(107) stars, respectively (Figure 3).
If combined with simple models for the population of detached BH–star binaries (Figure 4), these “searchable” stars
are expected to host O(10) and ∼ 103 detectable BH companions (Figures 5 and 6). This large population of BHs,
if identified, will reveal the BH mass function down to ∼ 1M range, semi-major axis/eccentricity distribution of
their orbits, positions and velocities of the systems in the Galaxy, and chemical compositions of the companion stars.
These constraints will be valuable probes mass ejection and natal kick during the BH formation, as well as the binary
evolution process that may result in the observed close-in orbits. Since non-zero detections are expected from our
models, even the null detection, if quantified, will provide critical information on the models of interacting binaries
containing BHs. Although we have focused on systems with BHs, the TESS light curves are also sensitive to NS
companions down to ∼ 1M (Figure 3). We may also detect phase-curve signals from optical counterparts of X-ray
binaries in a quiescent phase, which potentially allow for better characterization of both known and unknown X-ray
binaries.
Suppose that candidate BH companions are identified from the TESS photometry, what needs to be done next?
The self-lensing signal, if identified, will provide the least ambiguous targets that are also best suited for further
characterization: the precise orbital inclination and period from the light curve allow for the precise mass determination
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with radial velocity measurements. The stellar radius estimate using the Gaia parallax, if available, even allows for
mass determination with light curves alone; since the pulse height constraints M•/R2?, the BH mass can be determined
at least to the precision of 20%, or even better if spectroscopic effective temperature of the companion is available.
The candidates identified with the phase-curve signals would require further vetting with follow-up spectroscopy to
confirm their “SB1” nature and to measure spectroscopic orbits. While the candidates identified from either method
will most likely be bright enough for follow-up spectroscopy, the archival data from large spectroscopic surveys, such
as APOGEE (Abolfathi et al. 2018), RAVE (Kunder et al. 2017), LAMOST (Cui et al. 2012), and GALAH (Buder
et al. 2018), will also play an essential role to complement the TESS photometry, both in terms of target vetting and
dynamical/chemical characterization. Indeed, those archival data alone might even provide sufficient information to
confirm or reject some of the candidates. Eventually, Gaia will also provide further information based on astrometric
orbits and/or multi-epoch radial velocity measurements.
There are also other classes of objects that can be searched with similar methods. This includes BH/NS companions
of WDs, which were not considered in this paper because the eclipse probability is small, timescales of the detectable
signals may be too short for the 30-minute cadence photometry, and most of them are likely too faint for TESS.
Nevertheless, they may still be good targets for all-sky photometry surveys from the ground (cf. Beskin & Tuntsov
2002). If the TESS mission is extended, and/or for stars in the overlapping regions of observing sectors, BH/NS
companions on longer-period orbits around evolved stars, as identified in Thompson et al. (2018), will also be within
reach.
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